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I n t  rodu c t i o n  

One of t h e  g o a l s  of space  e x p l o r a t i o n  i s  a manned f l i g h t  t o  Mars. 

However, many p h y s i o l o g i c a l  decrements occur  d u r i n g  long  space f l i g h t s  such as 

l o s s e s  i n  muscle s t r e n g t h ,  bone d e n s i t y ,  balance,  and a e r o b i c  c a p a c i t y  which 

would make a l o n g  d u r a t i o n  space  f l i g h t  u n f e a s i b l e .  Therefore,  d e v i c e s  must be 

developed which w i l l  reduce o r  e l i m i n a t e  these byproducts o f  space f l i g h t .  One 

s t r a t e g y  i s  t o  have a s t r o n a u t s  e x e r c i s e  d u r i n g  space f l i g h t .  Many e x e r c i s e s  on 

e a r t h ,  p a r t i c u l a r l y  walking and running have been shown t o  improve muscle 

s t r e n g t h ,  bone d e n s i t y  and a e r o b i c  c a p a c i t y .  

Recent ly  a device has been developed f o r  ze ro -g rav i ty  exercise, a LBNP 

(Lower Body Negat ive P r e s s u r e )  chamber. The LBNP dev ice  i s  a chamber which 

s i m u l a t e s  g r a v i t y  by c r e a t i n g  a nega t ive  p r e s s u r e  g r a d i e n t  i n  a chamber. 

Footward f o r c e s  can be i n c r e a s e d  o r  dec reased  by a l t e r i n g  t h e  n e g a t i v e  

p r e s s u r e  w i t h i n  t h e  chamber. S u b j e c t s  l i e  sup ine  w i t h i n  t h e  chamberwith t h e i r  

legs suspended from one a n o t h e r  v i a  c u f f s ,  bungee cords,  and p u l l e y s ,  such 

t h a t  each leg a c t s  a s  a counterweight  t o  t h e  o t h e r  l e g  du r ing  t h e  g a i t  c y c l e .  

The s u b j e c t s  t h e n  walk o r  run on a t r e a d m i l l  which i s  suspended v e r t i c a l l y  

w i t h i n  t h e  chamber. Th i s  avo ids  t h e  e f f e c t s  of g r a v i t y  on t h e  footward f o r c e s  

b u t  a l lows footward f o r c e  p roduc t ion  due  t o  t h e  n e g a t i v e  p r e s s u r e  w i t h i n  t h e  

chamber. 

P 

Motion s t u d i e s  i n  t h i s  LBNP chamber a r e  one method of a n a l y z i n g  g a i t  i n  

a s imula t ed  lg  environment.  The purpose of t h i s  s tudy  w a s  t o  de t e rmine  i f  

walking and slow running mechanics are s i m i l a r  on a h o r i z o n t a l  treadmill and 

on a v e r t i c a l  t r e a d m i l l  w i t h i n  a LBNP chamber t o  s i m u l a t e  g r a v i t y  f o r  space 

f l i g h t .  



Methods 

Eight healthy subjects were filmed while walking and running at self 

selected speeds and at treadmill grades of +4 (uphill), 0 (level) and -4% 

(downhill) during both upright and supine LBNP conditions. Subjects had a 
% 

mean age, height and weight of 30.38 years(fl.48), 169 cm (k2.771, and 67.76 

kg(k4.40) respectively. Subjects were videotaped at 60 fps using a Minolta C- 

570 camcorder to obtain five strides of a left sagittal view. The data were 

digitized using a Peak Performance motion analysis system. 

Force data were collected for the x, y and z axes using an AMTI force plate at 

a sampling rate of 1000 HZ. 

Results 

Maximum rise distance of the foot was significantly higher during 

upright running(0.10 k .004 m) than running in the LBNP chamber (0.08 k 0.006 

m, p < 0.05) particularly in the level and upright conditions (see graph 1). 

Step frequency was faster for running in the LBNP (1.34 & 0.02 Hz) than 

upright running (1.29 k 0.02 Hz, p < 0.05) and slower for walking in the 

LBNP(.87 f -08) than walking upright.(.91 & - 0 5  p < 0.051, see graph 2). 

Stance time was longer in the LBNP (0.55 & 0.03 sec) than upright gait (0.53 & 

0.03 sec, p<.O5, see graph 3). Knee and hip flexion during swing phase were 

less in LBNP (67.61 f 1.71' and 25.24 k 0.66O, respectively) than upright 

gait (79.17 f 1.67O and 28.38 k 1.03O, respectively; p < 0.05, see graph 4 and 

5). Knee flexion during stance phase was also less during walking and running 

in the LBNP chamber (35.83 & 8.24") than level walking and running (39.81 & 

8.33', p < 0 . 0 5 ) .  

Footward forces integrated over each stride were not significantly 

different between LBNP and upright exercise (see graph 6). Peak forces (push- 

off) were significantly less in the LBNP chamber (303.16 & 75.26) than during 

upright running (254.87 f 63.91 lbs, p< 0.05)  (with little variation between 

uphill, level and downhill conditions, see graph 7). Uphill upright walking is 



c h a r a c t e r i z e d  by a larger peak push o f f  f o r c e  t h a n  a l a n d i n g  f o r c e .  Level 

u p r i g h t  walking is  c h a r a c t e r i z e d  by e q u a l  push o f f  and l a n d i n g  f o r c e s  and down 

h i l l  u p r i g h t  walking has  larger l and ing  f o r c e s  and push o f f  f o r c e s .  These 

c h a r a c t e r i s t i c s  w e r e  n o t  s een  i n  LBNP walking. LBNP walking w a s  always 

c h a r a c t e r i z e d  by a larger l and ing  f o r c e  t h a n  push o f f  f o r c e .  The peak push o f f  

f o r c e  i n  LBNP was s i g n i f i c a n t l y  less than  t h e  peak push o f f  f o r c e  o c c u r r i n g  

d u r i n g  u p r i g h t  walking f o r  u p h i l l ,  l e v e l  and downhil l  walking (see graph 8 ) .  

The r a t e  o f  f o r c e  development w a s  s lowest  i n  u p h i l l  g a i t  and f a s t e r  f o r  

h o r i z o n t a l  ga i t  and f a s t e s t  f o r  u p h i l l  g a i t .  LBNP g a i t  showed a s i m i l a r  r a t e  

of f o r c e  development f o r  t h e  u p h i l l  and downhil l  c o n d i t i o n s  and a s lower rate 

of f o r c e  development f o r  t h e  h o r i z o n t a l  c o n d i t i o n s  (see graph 9 ) .  

Discussion 

Much of t h e  reduced range of motion observed d u r i n g  LBNP e x e r c i s e  i s  

p robab ly  due t o  t h e  leg suspension system and t h e  w a i s t  seal i n  t h e  LBNP. It  

w a s  a l s o  observed t h a t  t h e r e  was no f l i g h t  phase d u r i n g  t h e  LBNP running 

c o n d i t i o n .  S u b j e c t s  r e p o r t e d  t h a t  t h e  w a i s t  seal held t h e i r  f e e t  toward t h e  

treadmill  d u r i n g  what  would have been t h e  a i r b o r n e  phase of u p r i g h t  running. 

This  may have been t h e  cause of t h e  i n c r e a s e d  s t a n c e  t i m e  d u r i n g  t h e  LBNP ga i t  

c o n d i t i o n s .  Therefore  running i n  t h e  LBNP chamber was more s i m i l a r  t o  r a c e  

walking t h a n  running. 

The decrease i n  knee f l e x i o n ,  h i p  f l e x i o n  and maximum rise of t h e  f o o t  

d u r i n g  t h e  swing phase of g a i t  i s  l i k e l y  due t o  t h e  l e g  suspension system i n  

t h e  LBNP. The bungee c o r d s  and t h e  back suppor t  which ex tends  below t h e  h ips ,  

might decrease t h e  o v e r a l l  h i p  f l e x i o n  and e x t e n s i o n  d u r i n g  g a i t .  A s  the leg 

e x t e n d s  through t h e  push o f f  phase, t h e r e  i s  r e s i s t a n c e  a g a i n s t  t h e  bungee 

c o r d s  a t  t h e  t h i g h  and a n k l e  ho ld ing  up t h e  leg. A t  t h e  most f l e x e d  p o s i t i o n  

of gai t  t h e r e  is  t h e  most r e s i s t a n c e  from t h e  bungee co rd  system. A t  maximum 

knee f l e x i o n  and f o o t  rise it is  e a s i e r  f o r  t h e  s u b j e c t  t o  l i m i t  knee f l e x i o n  

t h a n  t o  e x e r t  f o r c e  a g a i n s t  t h e  bungee c o r d s .  



Why u p h i l l  and downhi l l  running  do n o t  produce s i m i l a r  f o r c e  p r o f i l e s  i n  

u p r i g h t  v e r s u s  supine  LBNP ga i t  i s  n o t  e n t i r e l y  clear,. 

The footward  f o r c e s  a r e  produced by c r e a t i n g  a negat ive  p r e s s u r e  i n  t h e  LBNP 

chamber. Without a w a i s t  s ea l  t h e  f o r c e  c r e a t e d  by t h e  p r e s s u r e  would be  equa l  

on a l l  of the  i n t e r i o r  s u r f a c e s  of  t h e  chamber. The presence of  a w a i s t  seal  

creates a f o r c e  vec to r  through t h e  s u b j e c t  directed towards t h e  treadmill. 
c 

During u p r i g h t  ga i t ,  g r a v i t y  exerts a f o r c e  downward which r e s u l t s  i n  larger 

impact f o r c e s  and f a s t e r  f o r c e  gene ra t ion  d u r i n g  downhill  g a i t  as compared t o  

u p h i l l  g a i t .  Because t h e  i n d i v i d u a l  has  room t o  f a l l  downward d u r i n g  downhi l l  

g a i t ,  t h e  i n d i v i d u a l  has more p o t e n t i a l  energy du r ing  the  swing phase  of each 

step. The k i n e t i c  energy t h a t  r e s u l t s  from f a l l i n g  sone d i s t a n c e  i s  added t o  

t h e  body weight c r e a t i n g  a larger  impact f o r c e  and f a s t e r  f o r c e  g e n e r a t i o n  

d u r i n g  downhi l l  ga i t  t han  e i t h e r  l e v e l  o r  u p h i l l  g a i t .  This  i s  a l s o  t h e  reason  

t h e r e  is  reduced energy expend i tu re  du r ing  downhil l  walking, g r a v i t y  it 

p u l l i n g  t h e  person  downward which a i d s  t h e  forwarci s t e p .  During u p h i l l  g a i t  an 

i n d i v i d u a l  must l i f t  h i s  body w e i g h t  a g a i n s t  g r a v i t y  and impact f o r c e s  a r e  

g e n e r a l l y  less than  l e v e l  walking.  T h i s  i s  a l s o  a more expens ive  c o n d i t i o n  

from a me tabo l i c  s tandpoin t  because body weight  i s  being l i f t e d  through space. 

These d i f f e r e n c e s  were n o t  s een  du r ing  LBNP g a i t ;  u p h i l l  and downhi l l  

g a i t  produced s i m i l a r  f o r c e  p r o f i l e s  i n  LBNP, which is not  t h e  case d u r i n g  

u p r i g h t  ga i t .  There a r e  a number of p o s s i b l e  reasons  f o r  these d i f f e r e n c e s ,  

It is  p o s s i b l e  t h a t  due t o  t h e  back suppor t ,  s u b j e c t s  w e r e  a b l e  t o  merely 

change t h e i r  h i p  angle  s l i g h t l y  t o  accommodate t h e  change i n  treadmill ang le .  

It is  a l s o  p o s s i b l e  t h a t  t h e  back suppor t  ho lds  t h e  person i n  place rather  

t h a n  l e t t i n g  them f a l l  backward as  t h e y  would when walking u p h i l l  on a 

treadmill i n  an up r igh t  c o n d i t i o n .  

I n  o t h e r  words, t h e  rebound f o r c e  from t h e  t r e a d m i l l  would push them 

backward, b u t  it then changes d i r e c t i o n  due t o  t h e  back suppor t  which keeps 

them from f a l l i n g  backward. It i s  a l s o  p o s s i b l e  t h a t  t h e  f o r c e  v e c t o r  



r e s u l t i n g  from t h e  w a i s t  seal and n e g a t i v e  p r e s s u r e  i s  t h e  same a t  a l l  

treadmill a n g l e s .  The LBNP chamber needs t o  be tested i n  a s imula t ed  o r  t r u e  

z e r o  g r a v i t y  environment s o  t h a t  s u b j e c t s  can e x e r c i s e  i n  t h e  chamber wi thou t  

t h e  bungee cords and back s u p p o r t .  T h i s  type of tes t  should h e l p  c l a r i f y  t h e  

f i n d i n g s  from t h i s  s tudy .  

On t h e  o t h e r  hand t h e  f o r c e s  produced wi th in  t h e  LBNP are w e l l  w i t h i n  

t h e  ranges needed t o  produce bone growth. T h e  e x e r c i s e  wi th in  LBNP is  a l s o  

p h y s i c a l l y  demanding. The re fo re  d e s p i t e  t h e  d i f f e r e n c e s  i n  some of t h e  gai t  

mechanics and f o r c e  p r o f i l e s  t h e  LBNP should be ve ry  s u i t a b l e  f o r  e x e r c i s e  i n  

space.  

Conclusions 

Force g e n e r a t i o n  d u r i n g  g a i t  i s  a known f a c t o r  f o r  ma in ta in ing  bone 

d e n s i t y  i n  1G. Observed k inemat i c  and f o r c e  d i f f e r e n c e s  between LBNP and 

u p r i g h t  treadmill e x e r c i s e  are  l i k e l y  due t o  t h e  leg suspension system and 

h o r i z o n t a l  o r i e n t a t i o n  o f  t h e  s u b j e c t ,  and would t h u s  be e l i m i n a t e d  d u r i n g  

space  f l i g h t .  These r e s u l t s  s u p p o r t  f u r t h e r  development of LBNP e x e r c i s e  t o  

s i m u l a t e  1G e x e r c i s e  i n  m i c r o g r a v i t y .  
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